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ABSTRACT 
A multi-frequency Electrical Impedance Mammography (EIM) system has been developed to evaluate the conductivity and 
permittivity spectrums of breast tissues, which aims to improve early detection of breast cancer as a non-invasive, relatively low 
cost and label-free screening (or pre-screening) method. Multi-frequency EIM systems typically employ current excitations and 
measure differential potentials from the subject under test. Both the output impedance and system performance (SNR and accuracy) 
depend on the total output resistance, stray and output capacitances, capacitance at the electrode level, crosstalk at the chip and 
PCB levels. This makes the system design highly complex due to the impact of the unwanted capacitive effects, which substantially 
reduce the output impedance of stable current sources and bandwidth of the data that can be acquired. To overcome these 
difficulties, we present new methods to design a high performance, wide bandwidth EIM system using novel second generation 
current conveyor operational amplifiers based on a gyrator (OCCII-GIC) combination with different current excitation systems to 
cancel unwanted capacitive effects from the whole system. We reconstructed tomography images using a planar E-phantom 
consisting of an RSC circuit model, which represents the resistance of extra-cellular (R), intra-cellular (S) and membrane 
capacitance (C) of the breast tissues to validate the performance of the system. The experimental results demonstrated that an EIM 
system with the new design achieved a high output impedance of 𝟏𝟎𝐌𝛀 at 1MHz to at least 𝟑𝐌𝛀  at 3MHz frequency, with an 
average SNR and modelling accuracy of over 80dB and 99%, respectively. 
Index Terms— Biomedical imaging equipment and instrument, screening and prescreening modality, breast cancer detection, 
electrical impedance tomography, bio-impedance current source, and electrical impedance mammography. 
 
1. INTRODUCTION 
Electrical Impedance Spectroscopy (EIS) [1-3] or multi-
frequency Electrical Impedance Tomography (EIT) [4-6] 
systems were designed and used to measure extensive electrical 
properties based on the conductivity and permittivity of the 
biological tissues, which are quite different from other 
conventional medical imaging modalities that mostly used to 
detect or describe tissue density, stiffness, and other physical 
features. Multi-frequency EIT provides a new alternative or 
supplementary approach to help improve diagnosis of breast 
cancer based on the differentiation of dielectric properties of 
biological tissues [7], as there is a significant difference in 
dielectric properties between the normal and malignant tissues 
[8,9]. The EIT technique has unique several advantages such as: 
non-invasive, relatively inexpensive, no-hazardous 
attachments, non-ionizing radiation, label-free, possibility of 
repeated use without any side effects, and capability of 
quantitative measurement of electrical characteristics [10,11]. 
Therefore, it is proposed as a new potential breast cancer 
screening or pre-screening method to detect malignant tumors 
at early stage [12,13]. In this regard, it is suggested to call it 
“Electrical Impedance Mammography (EIM)” [14-17].  
An EIM system includes a number of software and 
hardware subsystems consisting of analogue and digital 
elements that are usually developed together [18-20]. 
Specifically, an EIM system consists of a signal generator, 
voltage-to-current (V/I) convertors, drive and receive 
multiplexers (MUXs) in case of single source topology, channel 
switching control with calibration circuits, differential voltage 
amplifiers, and DSP components to demodulate and find “in-
phase” and “quadrature” of the transfer voltage measurements 
at different frequency points leading to a breast impedivity 
image reconstruction (IR), the EIM structure is shown in Fig. 1. 
 
Fig. 1.  Overview of the single source Sussex EIM system regarding the Sussex 85 planar electrode structure  
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For reconstructing the impedivity image of a breast under 
test, it is required to employ a current excitation and the data 
acquisition system (DAS) to measure different potentials at 
multi-frequency points [21]. Indeed, on the subject of injecting 
current, in order to achieve high measurement precision, it is 
important that the current injection circuits have a high output 
impedance over the required frequency bandwidth [22]. This 
will deliver a high-performance system with improved spatial 
resolution to measure electrical impedance properties of 
biological tissues [23]. The change in electrical properties of a 
small region of tissue can be observed over a frequency range 
of interest [24]. These changes can provide significant 
information about the structure and composition of the tissue 
[25-27]. Since tissue electrical properties are determined by 
their resistive and capacitive characteristics, the measured 
values depend upon the conductivity 𝜎 and permittivity ε, 
which quantifies the tissue’s ability to permit storage of electric 
energy [28]. Therefore, these high-frequency measurements are 
vital for intracellular impedance imaging because membranes 
of cells block the current flowing to inside the cells at low 
frequency [29]. 
Multi-frequency EIM systems typically employ current 
excitations and measure differential potentials from the subject 
under test. Both the output impedance and system performance 
(SNR and accuracy) depend on the total output resistance, stray 
and output capacitances, capacitance at the electrode level, 
crosstalk at the chip and PCB levels. This makes the design of 
system highly complex due to the impact of the unwanted 
capacitance, which substantially reduces the output impedance 
of stable current sources and bandwidth of the required data. In 
order to overcome this difficulty, the objective of this study is 
to apply a new EIM system design method and test whether the 
new system can produce significantly higher contrast in 
generating EIM images. To report our study methods and 
results, this article is organized as follows. We first provide a 
theoretical description of the voltage and current-mode source 
topologies as the main part of the hardware subsystem. Next, 
we propose a current conveyor structure by application of a 
gyrator to eliminate the current excitation limitations, and its 
development is followed by experimental tests to show the 
potential enhancement of the detected signals. We also build an 
Electric phantom (E-phantom) with an RSC circuit model to 
simulate breast tissue electrical properties. Then, we conducted 
experiments to test the potential enhancement of the detected or 
measured EIM signals from the breast phantom. The results are 
presented and discussed in the last section of this article. 
2. MATERIALS AND METHODS  
2.1 Current excitation system 
The most recent technique for developing clinical and 
physiological applications of EIT systems is based on applying 
a known value of low amplitude current between 0.1–2mA. It 
is injected into the subject at different frequencies. 
Consequently, measuring the resulting multi-frequency 
potentials around 10 kHz up to a few MHz in order to produce 
an impedance based image of the biological tissue sample. This 
design meets standard IEC 60601-1 for biomedical systems in 
which the maximum amount of current injection must be 
limited to 10mA above 100 kHz. The current source topologies 
are commonly employed instead of voltage sources, due to 
advantages including predictability of constant current, high 
output impedance and low noise advantages. For example, 
current sources were utilized by Kyung Hee (IIRC); Oxford 
Brookes (OXBACT5); Rensselaer (ACT4); Sheffield (Mk3.5); 
UCL (Mk2.5&1b), and also the Leicester group (Mk3) 
[11,22,30-35] in developing their EIT or EIS systems.  
The key factor or evaluation index in assessing performance 
and reliability of multi-frequency systems is signal-to-noise 
ratio (SNR) and its accuracy [36-39], which are directly 
affected by the output impedance of the current excitation 
system when measuring the voltage between two points of the 
sample tissue. In reality, the output impedance of the current 
source is not infinite. Since the current excitation system is 
affected by output capacitance  CO, and output resistance  RO. 
The output capacitance effects generated by the current source 
circuitry and extra capacitance that exists in electrical 
components in the output signal path such as MUXs, 
capacitances on the PCB copper tracks, which carry the output 
signal to other copper areas. These capacitances represented by 
output capacitance of the source CO , stray 
capacitance CStray are in parallel with the load impedance  Zload 
and output resistance RO, as shown in Fig. 2. These unwanted 
capacitances can significantly reduce the output impedance 
amplitude of the current excitation system and introduce 
additional phase shifts at high frequencies.  
 
Fig. 2. Real current source circuit with stray capacitances 
The most popular current source topologies that are 
employed in bio-impedance excitation systems are Howland 
based current source, mirror current source, Wien Bridge 
circuit, V/I sources and current conveyor source, however, each 
has advantages and disadvantages [40-44]. In order to improve 
system performance a new Sussex EIM system was developed. 
In this study, the improved Howland current source (voltage-
mode current source) and the current conveyor current source 
(current-mode current source) will be employed more 
thoroughly and used as the two main current excitation 
topologies for bio-impedance measurement systems. The 
motivation of selecting these two current sources is due to their 
potential advantages in bandwidth, precision of current pattern 
at multi-frequency range for various loads and complexity of 
circuitry, which is results in greater stability and reproducibility 
of the measured output signals.  
2.2 Voltage-mode current source 
Bradford Howland at MIT developed the basic Howland 
current source [45]. The Howland current source is a circuit that 
provides an AC or DC current source with a high output 
impedance and wide bandwidth range [41]. The “Improved” 
Howland source consisting of 5 resistors, where R4 in the 
Howland source is divided into R4a and R4b and the output node 
of the current source is placed between these two resistors. The 
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schematic diagram of the improved Howland current source 
limited by the existence of the unwanted stray capacitance in 
parallel to the load impedance is shown in Fig. 3. 
 
Fig. 3. The improved Howland current source 
In this topology, the source output resistance (RO) ideally 
becomes infinite when the ratio R1/R2 is equal to R3/(R4a+R4b). 
It means, if we choose R1 equals R2, then R3 must also equal 
(R4a+R4b) to yield the maximum output resistance. However, 
since op amp practical limitations of upper bandwidth and 
resistors are available in different tolerances (banding B, C, D, 
F, G, J, K, and M with tolerance of 0.1–20%) the above perfect 
ratio is never met, therefore, these limitations can cause 
alteration in the output impedance of the current source [41]. As 
reported by previous studies [40-44], all current source circuits 
at some frequency suffer from a reduction of current into the 
injecting pads and a change in phase. Parasitic capacitance from 
the PCB tracks and in any multiplexers or cross-point switches 
will cause a further drop in the output impedance at the injecting 
pads. Thus, a capacitance elimination circuit can improve the 
total output impedance and bandwidth of any of these systems. 
2.3 Current-mode current source 
The second most common technique to make an electrical 
current generator is the “current mirror technique” as utilized 
by many research groups [46-48]. It can produce a constant 
current with high output impedance at high frequency based on 
the current-mode structure using “current conveyor” a three-
terminal analogue structure. Sedra and Smith introduced the 
current conveyor (CC) as an active component [49], which can 
provide many signal processing functions such as current 
integrator, current differentiator, voltage or current amplifier, 
V/I convector etc. Since it is an active component, thus, it will 
be more stable and suitable for integrated implementation. The 
current conveyor simplifies circuit design as a current feedback 
op amp and can be implemented as an op amp with higher 
voltage gain, which is not limited by the conventional voltage 
feedback op amp having a standard gain bandwidth [50,51]. 
Based on the second generation of current conveyer (CCII) 
[52], if a voltage is applied to the high impedance non-inverting 
input (Y), it is expected that the same voltage appears on the 
low impedance inverting input (X), which means VX=VY, while 
the current applied to the inverting input node (X) is conveyed 
by mirrors to the Trans-impedance output node (TZ). Based on 
the circuit shown in Fig. 4 (a), TZ and Y nodes are high 
impedance and X node is low impedance, since the current in 
non-inverting node (Y) is ideally equal to zero. 
 
(a) 
 
(b) 
Fig. 4. (a) Simplified current model of CCII, (b) Simplified the transistor 
schematic of the CCII in the functionality of current source. The X input 
node is connected to ground via a resistor (Rx) thus the current mirrored 
from the X node to TZ node based VY =VX and IY=0. 
In regard to current conveyor behavior, Fig. 4 (b) shows the 
transistor current source schematic diagram in which TZ node 
generates the output current with high impedance, when the X 
(input node) is connected to ground through a resistor (RX). A 
simplified transistor schematic of the CCII shows the 
differences between the simple conventional voltage feedback 
op amp and current conveyor. However, in an actual 
implementation, the voltage at X node (VX) is not equal to that 
at Y node (VY). Thus, current at Y node is not equal to that at 
TZ node where the characteristic functions are given by, 
VX=βVY, IY=0 and ITZ=±αIX. The output current will then be 
calculated as: 
 𝐼𝑇𝑍 = 𝛼𝛽
𝑉𝑖𝑛
𝑅𝑋
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However, in practice the effective output capacitance of the 
current source and the parasitic capacitances create a total 
grounded capacitance (denoted by stray capacitance), which 
makes it impractical to produce an EIM system operating at 
high frequency. Therefore, stray capacitance is the key issue 
affecting the output impedance of the current excitation 
systems. It reduces the useful frequency bandwidth of the 
system. Thus, for utilizing the current excitation system at high 
frequency, it is necessary to cancel unwanted capacitive effects. 
Therefore, in the following section, we propose a new method 
based on active component structures for multi-frequency 
systems.  
2.4 Cancellation of the unwanted capacitive effects 
The generalized impedance converter (GIC) can be used in 
many functionalities, i.e. programmable impedance in the 
synthesis of a filter design, oscillator design, analogue phase 
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shifters and cancellation of parasitic elements. These 
applications use combinations of passive impedances, op amps, 
Trans-conductance amplifiers and current conveyor to 
synthesize programmable impedances [53-56]. 
The advent of the GIC in parallel with the current source has 
provided a way to reduce the capacitive effect at high 
frequency. It creates an RLC circuit with an LC resonant 
condition. The LC resonance occurs when both inductive and 
total capacitive reactants are equal at a particular frequency. 
Although, the conventional GIC is already proposed based on 
two op amps and five passive components utilized in ACT4 and 
KHU Mark1 EIT systems to provide a grounded inductance. 
However, because of using five dependent passive components, 
several digital-pots structure and op amp limitations, it is 
impractical to produce a multi-frequency EIT system operating 
at high frequency. 
Therefore, a new active gyrator technique for cancellation of 
the parasitic elements in EIM excitation sources is presented to 
cancel the effects of both stray and output capacitances of the 
current source through a compensating inductance. The desired 
technique is based on a gyrator structure using operational two 
stages of CCIIs (OCCIIs). The proposed combination of OCCII 
as a GIC (here is called OCCII-GIC structure) is shown in Fig. 
5 [57-62]. An inductance synthesized by using an OCCII-GIC 
structure in parallel with the current source is improved by 
incorporating a tuning system. This maximizes output 
impedance and eliminates the stray capacitance in multi-
frequency operation.  
 
Fig. 5. A schematic of the proposed grounded inductor using two stages of 
OCCIIs  
The corresponding Signal Flow Graph (SFG) of two 
operational conveyors with three passive components, creating 
a GIC based on CCII is shown in Fig. 6. In regard to the OCCII 
behavior, the OCCII-GIC topology can be divided into 3 stages. 
In the first stage if a voltage is applied to the terminal Y (node5), 
an equal potential will appear on the input terminal X (node3), 
while, the input current in node5 is equal to zero (IY5=0), the 
current at node IX3 (node3) will be mirrored to output terminal 
TZ (node2) derived from the admittance attached to the node3 
(Y3). The second stage is the admittance of Y1 and voltage 
amplifier with unity gain. In the third stage, the current on 
node4 derived from the admittance of Y2 is replicated to node5 
again [63].  
 
Fig. 6. Shows a Signal Flow Graph (SFG) of the GIC functionality 
After simplifying the SFG as indicated in Fig. 6, the 
following equation (2) for the input impedance function is 
obtained; if we consider Y2 and Y3 as conductance and Y1 as a 
capacitance with the current and voltage tracking errors for the 
non-ideal cases: 
eq
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in
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where α1, α2, and β1, β2 are the current and voltage tracking 
errors of OCCII − 1 and OCCII − 2, respectively. A multi-
frequency current source using the stray capacitance 
cancellation method is developed by utilizing digital-pots to 
operate as variable resistors, then to produce the variable 
inductor corresponding to different frequency points (as shown 
in Fig. 5 with a grounded inductor whereas the conductance Y3 
is a variable resistor). This circuit topology was chosen in 
attempt to cancel the stray capacitance in the multi-frequency 
system.  
There are limitations to produce a pure inductance in the 
multi-frequency system because of using a digital-pot. A 
digital-pot naturally comes with grounded capacitance at both 
ends (CH and CL) and parallel capacitance at the wiper (Cw) as 
the schematic in Fig. 7 illustrates.  
 
Fig. 7. The diagram shows the DCP schematic circuit and the Trim-pot and 
digital-pot network as an equivalent circuit for a grounded resistor. 
The following equations are computed to consider the action 
of the OCCII-GIC circuit caused by the digital-pot 
capacitances, as the digital-pot swings from 1 to the full-scale 
value to operate in multi-frequency systems, whereas, Y1 =
sC1 , Y2 = G2 and  Y3 = G3 + sCground−3 , we can write: 
𝑍𝑖𝑛 =
𝑉𝑖𝑛
𝐼𝑖𝑛
=
𝑌1
(𝛼1𝛼2𝛽1𝛽2) 𝑌2𝑌3
=
𝑠𝐶1
(𝛼1𝛼2𝛽1𝛽2) ∙  𝐺2 ∙ (𝐺3 + 𝑠𝐶𝑔𝑟𝑜𝑢𝑛𝑑−3)
 
3 
where, 
𝐿𝑒𝑞 =
𝑠𝐶1 ∙ 𝐺3
(𝛼1𝛼2𝛽1𝛽2) ∙ 𝐺2 ∙ (𝐺3
2+𝐶𝑔𝑟𝑜𝑢𝑛𝑑−3
2 )
 4 
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𝑅𝑒𝑞 =
𝐶1 ∙ 𝐶3
(𝛼1𝛼2𝛽1𝛽2) ∙ 𝐺2 ∙ (𝐺3
2+𝐶𝑔𝑟𝑜𝑢𝑛𝑑−3
2 )
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2.5 Implementation of the proposed EIM system 
2.5.1 Resistors 
In the design of a system with high output impedance, a high 
priority is given to balance between resistors to achieve full 
precision output. Resistors with a tolerance of 1% achieve an 
output impedance maximum of around 250kΩ at low 
frequency. Therefore, a high resistor matches in current 
excitation system with precision tolerance of ±0.01%, and TCR 
±5ppm/ ̊C (Stackpole Electronics, Inc. Precision Thin Film 
Chip Resistor) [64] is utilized to achieve maximum output 
impedance at a high frequency bandwidth for the case of the 
EIM system. 
2.5.2 Operational Voltage Amplifier (Op Amp)  
In order to find the best choice of op amp, first, we compared 
different op amps in regard to their performance characteristic 
and EIM application. We consider the noise performance of the 
inputs and output, within the general category of the op amp, 
i.e. current and voltage input offsets, voltage stability, voltage 
shift rail-to-rail and rejection response in the general to select 
the best op amp. In the next step, we used OrCAD PSpice to 
simulate op amp circuits and the basic components to find the 
final choice of the module. Since we need to get the maximum 
output impedance in a current source, the common-mode 
rejection ratio (CMRR) of the op amp needs to be optimized, 
e.g. an op amp with a CMRR of 60dB results in an output 
impedance of less than 1MΩ. In addition, non-linearity of the 
CMRR curve in an op amp results in a disadvantage that does 
not produce a flat output impedance curve (non-linear result). 
Thus, we used amplifiers with a FET input instead of CMOS or 
bipolar input.  
We selected OPA656 (Texas Instruments) [65], which is 
built with a JFET input stage to offer an ultra-high dynamic 
range amplifier with high precision performance. Typical 
characteristics show that the OPA656 has a high input 
impedance of 1012||2.8pF in common-mode and 1012||0.7pF 
in differential-mode and low bias current with excellent THD 
performance of -80dBc at 10MHz and excellent differential 
gain and differential phase of 0.02% and 0.05° [65]. This is 
sufficient to provide an ultra-low 7nV/Hz input voltage noise 
also to achieve a very low integrated noise over a wide 
bandwidth of 500MHz. 
2.5.3 Current conveyor module 
We selected an AD844S (ANALOG DEVICES’ module) 
[66] for current feedback with a high-speed Trans-impedance 
op amp. It combines high bandwidth and very fast large signal 
response with a settling time of 100ns to 0.1% and essentially 
independent gain. It shows excellent differential gain and a 
differential phase of 0.03% and 0.15° with an input capacitance 
of 2pF and input resistor for inverting input equal to 50Ω and 
non-inverting input of 10MΩ, Trans-impedance of 
4.5pF||3MΩ. The offset voltage β1and β2 are reduced to a few 
tens of μV and the input resistance is around 50Ω. This module 
can deliver up to ±50mA into a 50Ω load with low distortion in 
regard to voltage ripple of ±18V. This module also comes with 
a buffer to produce a unity gain complementary voltage that it 
uses to drive the low impedance loads. All these typical 
characteristics make AD844S suitable as a current conveyor 
module with high bandwidth compared to other existing current 
conveyor module.  
2.5.4 Potentiometer network  
The multi-frequency current excitation is delivered by using 
a digitally controlled potentiometer (DCP) XICOR of X9C102 
[67] that is employed in the OCCII-GIC circuit. In fact, the 
variable resistor is paralleled by a grounded capacitance of 
CH=10pF with the wiper and low pins grounded. The DCP 
includes 99 resistive elements that can be changed in 100 steps 
(∆R=10.1010Ω for the case of 1kΩ) combined with two stages 
of trim-pot network (BOURNS 3269W-102 with 12 turns with 
a rotational time of 200 cycles) [68] achieves the minimum 
variable (∆R) resistor with the smallest capacitance effect. 
2.5.5 Drive and Receive multiplexers  
The EIM system tested in this study consists of 85 electrodes 
where the distance between each two electrodes is 17mm. 1,416 
independent measurement combinations based on 123 current 
injection channels are achieved. Using this large number of 
measurement combinations increases quality (including 
contrast and SNR) of the reconstructed images. We used a 
hexagonal structure based on a four-electrode method, where 
the current injection electrodes are located at the vertices of the 
hexagonal measurement shape. The hexagonal measurement 
structure is a novel data acquisition pattern that shows a suitable 
pattern for the planar electrode plate, with each 19 electrodes 
forming 3 current injections and is capable of giving 36 
measurement combinations by using a 120 degree rotation 
around the x axis for each pair of electrode injections. The main 
reason for using this hexagonal pattern is to obtain the best SNR 
and minimized dynamic range, since the voltage measurements 
from electrodes outside of this hexagonal pattern have a low 
SNR. In addition, in planar topology the sensitivity increases 
from the boundary to the inner area, in contrast to ring topology 
in which the sensitivity decreases from the boundary to the 
inner area.  
Since the EIM system consists of 85 electrodes, it needs to 
connect the current excitations and the differential voltage 
measurement system to the 85 electrodes individually. A 
cascading multiplexer structure using two-stages of the drive 
MUXs is designed to reduce the on/off switch capacitance 
effects in drive MUXs, which are directly involved in the output 
impedance of the EIM system. It uses 
ADG1211, iCMOS, Quad with COff/On = 0.9pF, 2.6pF, for the 
1st stage, and 8 unbuffered analogue switch array modules 
of ADG2128, CMOS 8 × 12 with Coff/on = 6pF, 9.5pF in 2
nd 
stage [69,70]. Therefore, it has been broken the parallel 
elements of the input (On capacitances) of the drive MUXs. The 
outcome of the cascade multiplexer topology focuses on some 
modified key elements to improve system performance by 
reducing the on/off capacitances of the multiplexers that affect 
a single channel. As a result, it enables good isolation with a 
low parasitic capacitance, allowing the multi-channel EIM 
system to operate over a wide frequency bandwidth. The drive 
multiplexer uses the cascading method to crop the stray 
capacitance of 20.8pF involved in each injection channel. We 
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choose 6 cross-point 16 × 16 switch matrix modules of 
ADV3205 with parallel programming and an input buffer array 
(switch times < 60ns with 0.1% settling time) that connect the 
electrodes to a single-ended differential amplifier to measure 
the potential differences across the sample. 
2.5.6 Differential Voltage amplifier 
The principle that we used in the measurement subsystem is 
based on injecting the same amount of current into two 
electrodes that are 180° out of phase, thus the voltage 
difference between the two injecting pads is determined by the 
impedance of the connecting subject under test. To effectively 
detect this voltage difference, we need a differential-to-single-
ended amplifier with very high CMRR at high frequency. 
Adjustable gain is also required to measure the two different 
output voltage signals at different frequencies with the best 
SNR and without clipping in the circuitry. This is used for 
converting the differential voltage measurement signals 
(𝑉𝐼𝑁+  and 𝑉𝐼𝑁−) to a single-ended voltage signal. The AD8130 
[71] module with user adjustable gain set is used for amplifying 
the output signals. The gain is set by the ratio of two resistor 
values of RG and RF, VOUT = VIN(1+Rf/RG), while, we 
measured CMRR ratio at different frequencies, regardless of the 
gain setting as part of calibration method. We compared 
different structures (modules) and selected the AD8130 module 
in this EIM system because it had a very high input impedance 
around -75dBc at 10MHz, stable voltage for both inputs, low 
distortion and low noise performance.  
2.5.7 Control Unit 
An addressing control unit (ACU) system is used to control 
the drive and receive channel selections of the MUXs. The EIM 
system uses a four-electrode measurement method, with 123 
drive electrode combinations per frame. The latency is equal to 
the sum of all the internal delays and external delays per 
electrode combination × the number of measurement 
combinations per frame, which is equal to 1,416 measurement 
combinations. The control unit of the EIM system is based on 
an MCU [72] to control and address the drive and receive –
MUXs, programmable gain of the voltage measurement (PGA), 
auto and manual calibration methods. The accurate current 
excitation and acquisition time depends on all these parts.  
The switching of the two stages of drive MUXs is done in 
tens of microseconds and has little effect on speed. However, 
other delays may slow down the ADC acquisition process due 
to the need for filters (resistors and capacitors to ideally remove 
ripple) in the demodulation of the signal. We wrote software 
that allows us to set the delay time after setting up the MUXs, 
and before we are taking an A to D measurement. We used 
filters in the demodulators that speeds up the process by a factor 
of 10 when switching in resistors 10 times smaller for 0.5ms, to 
speed up the charging process and make the output closer to the 
final value faster. After a 0.5ms wait the ADC reading is taken. 
This means that using a 100 kHz measurement frequency in 
similar circuits, the system is able to take a single ADC 
measurement in 1ms. We used different filters when 
measurements are performed at different frequencies, so that a 
frame completed at a high frequency can use a faster filter to 
eliminate the ripple and the filter capacitor can also charge up 
faster. Practically at 1MHz, a single ADC measurement is taken 
in 0.1ms. Thus the data acquisition takes 1416ms (or less than 
one and half seconds) per frame.  
2.5.8 Circuit board 
We built a single custom compact planar EIM circuit board 
in 6 layers with a finished board thickness of 1.76mm. It 
consists of all analogue subsystems including current excitation 
systems with a parasitic capacitance cancellation method, two 
stages of the cascading drive MUXs that directly connected 
to 2 × 85 channels on the drive side, a data acquisition system 
with receive side multiplexers of  85 × 2 shared between 
electrodes, one stage buffer voltage amplifier, a PGA and auto 
and manual calibration circuits with switching control using an 
MCU. In addition, 85 spring-loaded electrodes are placed 
between the electrode pad and the breast planar electrode plate 
without any cables. Fig. 8 shows the bottom and top sides of the 
custom single compact EIM circuit board. This is exactly 
compatible with what we mentioned as the structure of the EIM 
shown in Fig. 1. 
  
Bottom side Top side 
  
Clinical Bed Measurment Tank 
Fig. 8. The Sussex EIM custom single circuit board includes all the 
analogue subsystems. The figures show the bottom and the top sides and 
measurement tank 180 mm dia., open top surface, 5mm thick acrylic walls 
and the clinical bed. An 85 electrode planar plate at the top side of the EIM 
board is directly connected to a breast immersed in a measurement tank. 
3. EXPERIMENTS AND RESULTS 
3.1 Current excitation under test 
Since the new EIM system was designed and built based on 
a four-electrode technique [73], it has 123 drives and produces 
1,416 measurement combinations per frame. In the experiment, 
two electrodes that are 180° out of phase inject electrical 
current equally through drive multiplexers into the subject and 
the other two electrodes measure the voltages, the 
measurements are repeated at multiple frequencies. Each 
current branch and voltage measurement node is switched 
between 85 electrodes. Therefore, two OCCII-GICs are used 
for the two 180° out of phase current branches to compensate 
the stray capacitance of each branch.  
We detected transient output current data from the EIM 
system with an AC sweep at single and multi-frequencies to 
demonstrate the behavior of the current excitation system. In 
practice, the measurement data are obtained with the regarding 
to three main component specifications as follows: (1) each op 
amp has an input impedance of the differential of 0.7pF||1012Ω 
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and a common-mode of 2.8pF||1012Ω with CMRR of the 
amplifier, (2) the resistor has a tolerance 
of 0.01%, 25℃ paralleled with a capacitance of 0.3pF that 
generally is created by a circuit board and (3) the effect of 
digital-pot capacitance 10pF on the OCCII-GIC circuit for the 
grounded variable resistor in Y3 admittance, and the current 
source and Trans-conductance gains. In the experiment to test 
this multi-frequency EIM system, we also followed the tuning 
process step by step. This obtains the maximum output 
impedance corresponding to the stray capacitance of the circuit 
design for each frequency point. It is necessary to adjust the 
OCCII-GIC corresponding to the stray capacitance in each 
branch for each frequency point. A large output impedance was 
achieved by making the above adjustments. 
The AC sweep and Transient analysis results of the multi-
frequency system up to 3 MHz were measured and plotted in 
Fig. 9 (a)–(c). Although the output capacitance was not fully 
removed and caused the appearance of a phase shift in the 
output current signal as shown in Fig. 9 (c), we were able to use 
calibration methods to cancel the effect of phase shift based on 
hardware and IR software [17]. However, the output impedance 
found with an AC analysis does not take into consideration the 
effect of the rail voltage of the circuits used. The input drive 
voltage of the AC constant current generator must be reduced 
in order to use this principle to measure the output impedance. 
In reality, we need to consider the input drive in order to 
avoiding output clipping in the current excitation circuits. 
 
(a) 
 
(b) 
 
(c) 
Fig. 9. (a)A multi-frequency AC sweep output of the new current excitation 
system with the frequency increment of 200 kHz from 1MHz to 3MHz. 
Digital-pot Y3 (100Ω to 5kΩ, increment in 10 logarithmic steps per 
decade). (b) The AC sweep output at a frequency sample point of 1.5MHz 
with different loads from 1kΩ to 5kΩ (c) The transient output current 
analysis of the current excitation system at the single frequency sample 
around 3MHz as an example frequency point for the variable load 
with 0.5mApp. 
3.2 Measuring the output impedance of the current 
excitation under test 
The full EIM output impedance including the current 
excitation under test and a capacitance cancelling circuit has 
been treated with the parallel combination of a total output 
resistance and capacitance (ZO = RO||ZCO). When the current 
excitation system delivers electrical current into a load, ZO 
needs to be large with respect to the load in order not to affect 
the measurements unduly. This means RO and ZCO need to be 
large with respect to the load at all frequency points. Therefore, 
at low frequencies the impedance of RO is the main effect on 
the AC voltage on the load impedance and at high frequencies 
ZCO =
1
jωCO
 must be large with respect to the load impedance, 
thus, CO must be small. In our experiment, a near perfect 1MΩ 
resistor was made by using two in series 0.5 MΩ ±0.01% 
tolerance resistors. They are suspended in air. Thus, it reduces 
the parallel stray capacitance to an estimated small value of 
0.1pF across the pair as load resistance. 
In this experiment, two different approaches were applied to 
measure output impedance ZO as shown in Fig. 10 (a). 1
st test 
structure, earth the input and measure the output voltage when 
the output is driven by an AC current source. 2nd test structure, 
drive the input with a voltage using the fact that the circuit 
delivers a constant current dependent on the input voltage. This 
confirms correctly the transfer ratio of 1V/mA when the phase 
error is small. Therefore, in this test the only load on the output 
is ZO. So we can measure the output voltage and deduce CO. 
Alternatively we added a known load RO and deduced CO where 
CO is in parallel with RO as shown in Fig. 10 (b). In this case, 
the output impedance (ZO) is found by considering the output 
impedance in parallel with this load. 
 
(a) 
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(b) 
Fig. 10. (a) A perfect current source connected to the output point of the 
current excitation and measuring the AC voltage, where in 1st test is 
grounded then in the 2nd test used a Vin=1V as a input voltage to obtain 1mA 
output current (b) a perfect AC current source with output resistance (RO) 
and output capacitance (CO) and measuring the AC voltage to obtain 
equivalent value of the output impedance. 
For the first method, we set the input drive to zero, injected 
1mA electrical current generated from a perfect AC current 
source into the output point and measured the amplitude and 
phase of the output. This presents a characteristic shape when 
the output voltage amplitude and phase are recorded and plotted 
against frequency. Then to find the output resistance and 
capacitance from the output signal, we drive with an identical 
perfect AC source a parallel earthed resistor, REXP, and 
capacitor, CEXP and change the REXP and CEXP values until the 
shapes of the amplitude and phase plots match. If a load 
impedance was used to bring the output near 0V, the output 
impedance was found by considering the output impedance in 
parallel with this load. We used an AC source, and probes with 
suitable high output impedance, >1011Ω and <0.1fF, and high 
frequency, >10MHz for taking the practical measurements.  
To validate the performance of the current source, a plot of 
the output impedance versus frequency is provided as shown 
in Fig. 11 (a). We assign the resulting maximum values of RO 
and ZO when minimizing the output capacitance CO of the 
circuit. The output impedance is influenced by the digital-pot 
in the OCCII-GIC, so that we used an auto-tuning system to 
achieve the maximum output impedance of the excitation 
system to eliminate the total output capacitance to <7fF. As a 
result, output impedances of 10MΩ at 1MHz to at least 3MΩ  
at 3MHz frequency point were achieved. Although a phase 
shift is present in the output signals as shown in Fig. 11 (b), 
therefore it computed and split from the measurement data. 
 
(a) 
 
(b) 
Fig. 11. (a) A result of the output impedance (ZO) when cancelling unwanted 
capacitive effects of the EIM system over the frequency range of 1MHz to 
3 MHz, (b) Phase responses measured over frequency range of 1 MHz - 3 
MHz and phase responses measured over a load range of 1kΩ − 5kΩ. 
3.3 Phantom based Experiments 
System instabilities can be caused by the EIM design and 
must be characterized before and during the clinical trials. To 
characterize and assess the newly designed EIM system and 
test the improvement of SNR and/or the accuracy of impedance 
measurements, we especially designed a realistic electronic 
phantom (E-phantom) for this new EIM system. This mesh 
phantom provides predictable, stable, and reproducible signals. 
The mesh phantom is based on the electrode configuration and 
mesh structures of the image reconstruction. This includes the 
effect of the complex impedance model of tissues using a 
distributed complex circuit of the extra-cellular resistance R, 
resistance of intracellular tissue S and the membrane 
capacitance properties C (RSC circuit tissue model).  
We connected the EIM system directly to the E-phantom by 
using 85 spring-loaded electrodes with less than 20mΩ [74] for 
plug-in connection. Three RSC tissue circuit models of fat, 
stroma tissues, and carcinoma are inserted into the E-phantom 
[39] as target tissues in three different locations. The different 
RSC values are used, which were selected based on the 
impedivity of breast tissue reported in [26,75,76] and the 
assumption that the breast tissue has the dimensions of 
10mm×10mm×10mm in a cubic shape to reconstruct electrical 
impedance images in the planar structure at multi-frequency as 
shown in Fig 12. This also presents dynamic information to 
assess the performance of the EIM system to simulate in vivo 
conditions.  
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(c) Imaginary part 
Fig. 12. (a) Planar E-phantom with an 85 electrode array using hexagonal 
pattern. (b) and (c) A result of the EIM image using an E-Phantom over the 
frequency range of 10 kHz to 3MHz within three RSC models of fat (at 9 
o’clock), stroma (at 2 o’clock) and carcinoma (at 5 o’clock). 
The total data set composes of 123 current injections 
producing 1,416 measurement combinations. This 
measurement was repeated for 100 times and the data analyzed 
statistically to measure SNR and accuracy. We measured SNR 
and accuracy for the different measurement indexes, which 
increased from 1 to 1,416. The results showed that the average 
SNR of 82.28dB with a maximum SNR of 91.06dB and a 
minimum SNR of 76.42dB was achieved. In addition, the 
average modelling accuracy of 99.47% with a maximum and 
minimum range of 99.97 and 99.91 was achieved. 
4. DISCUSSION 
Although EIM have been proposed and tested as a potentially 
promising imaging modality to help improve breast cancer 
screening and detection of early breast cancer, its clinical utility 
is limited due to the low SNR of the produced EIM images or 
impedance maps. Thus, in order to more sensitively or 
accurately detect abnormal electrical impedance signal 
variations that have high risk of leading to have or developing 
breast cancer, the first important task is to improve system 
design and increase the SNR of the impedance measurements. 
In this study, we designed, assembled and tested a new unique 
EIM system with a planar 85 electrodes. The new EIM system 
has the following unique characteristics.  
First, when using an EIM system in a breast cancer screening 
or prescreening modality, a current excitation implemented and 
used in an EIM system needs to produce a stable and constant 
electrical current over a wide range of frequency bandwidth 
with different loads due to the large variation of breast size and 
tissue density. This means it needs to have a constant trans-
conductance applying to the testing load (subject under test) 
across the frequency range being tested and scanned. Our new 
system yields high stable current outputs, because of 
improvements in the system design such as considering the 
system noise, power supply noise (low noisy rail voltages) and 
improving the shielding systems when considering all the 
individual effects in the system design.  
Experimentally the goal was to try to make the circuit give a 
maximum output impedance at high frequencies with minimum 
phase shift and gain characteristics. Therefore, in regard to 
current source performance at high frequency, the effect of the 
decrease of output resistance and increase of capacitance of the 
current source (parasitic capacitances especially when 
multiplexers are used to route the current to electrodes) reduce 
the total output impedance of the current source. This degrades 
the ability to produce a good spatial resolution. Our findings 
confirm that using an unwanted capacitance cancelation method 
has advantages in achieving a higher output impedance. In 
order to do this, a gyrator based on an active current conveyor 
structure (i.e. OCCII-GIC circuit) used in parallel with a current 
source circuit when the gyrator circuit is tuned for each 
frequency point. In addition, the excitation system utilizes two 
OCCII-GIC circuits combined with two 180 degrees out of 
phase current sources as a mirror structure. Each OCCII-GIC 
circuit produces a variable inductance in parallel with the RC 
circuit created by each branch of the current source. Therefore, 
we need to balance both OCCII-GIC circuits at a desired 
frequency point in order to minimize phase shift and increase 
the output impedance of the current excitation system. 
Although, conventional GICs composed of two op amps and 
five passive components have already been proposed as a 
solution in EIT systems but it does not have an ideal 
performance for multi-frequency EIT systems. Since the 
combination of five passive impedance matching (combination 
of resistance and capacitance components) and two non-ideal 
op amps should be considered, thus, it will become impractical 
for a multi-frequency system. On the other hand, our findings 
confirm that OCCII-GIC circuit based on active components is 
a similar method to conventional GIC to cancel the stray 
capacitance but it achieves much better results and works over 
a higher frequency range. In addition, our results suggest that 
conditioning the current source of the multi-frequency EIM 
system based on using the OCCII-GIC circuit to cancel 
unwanted capacitance effects for improving spatial resolution 
of the impedance images is a valuable approach. The results 
showed that it delivered a multi-frequency EIM system based 
on tunable frequency points with acceptable output impedance 
for different loads. Since the new EIM system has been tested 
and achieved a high SNR and modelling accuracy of the transfer 
impedance measurements.  
We built an EIM system based on a planar 85-electrode 
channel and using an MCU for addressing control between 85 
electrodes. We also designed a cascade method for DRV MUXs 
which consists of 8 parallel DRV MUX modules of 8*12 switch 
array combined with a pre-stage ultra-low on/off capacitance to 
avoid on-capacitance parallelism of the drive multiplexers. 
Therefore, the on/off capacitance of the switching channel 
becomes very low for each current injection branch, thus 
increasing the operating frequency and frame rate of the system 
when comparing it with other existing single-source EIT 
systems. We used a single-source method compared to 
semi/fully parallel source methods that use more than one 
source for a group of channels. This aids in reducing the 
capacitance effect of DRV MUXs. But this unique cascading 
method, benefits both reducing these capacitance effects and 
taking advantage of the single-source structure giving more 
convenience in the calibration process and repeatability and 
reproducibility. 
Since, most EIT systems use cables or connector boards to 
inject current and/or to collect measurement data; while our 
EIM system is a planar structure with a single board, it consists 
of current injection, electrode plate and voltage measurement 
systems that are able to inject the current signals and measure 
the voltage signals with minimum noise. We used an 85 planar 
electrode plate, which was placed on the bottom of the 
cylindrical measurement volume. The 85 electrodes fitted on 
the PCB as a circular in 180mm dia. in order to achieve close 
electrode contact to the current source and minimize the noise 
and stray capacitance of the system. Therefore, the performance 
of the system is not dependent on the type and length of any 
cables, influence of connector boards, or electrode placement 
effects. 
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5. CONCLUSION 
The new EIM system is a planar 85 electrode board with 
multi-frequency channels consisting of two independent current 
and voltage-based structures. It is designed to operate over a 
narrow frequency range from 10 kHz up to 3MHz with a high 
output impedance. The EIM system has been implemented with 
the OCCII-GIC as a stray capacitance cancellation method 
improving the system performance and increasing the 
frequency bandwidth of the system. The performance of the 
OCCII-GIC has been computed with phase and magnitude 
errors. This capacitance cancellation technique is capable of 
working with other existing EIT systems as an enhanced 
method for multi-frequency systems. This is a significant 
change in the design compared to the conventional GIC 
methods used to ameliorate the constraints caused by passive 
components and op amp limitations. EIM has been 
implemented for a clinical application that has been tested in 
the instrumentation and sensor laboratory at the University of 
Sussex.  
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